capture the effect of interactions between risk events when selecting response actions (refer 137 to the second mentioned deficiency). The proposed model is solved using ACO to find the 138 best combination of response actions which have more effects on project's time, cost and 139 quality (refer to the first mentioned deficiency). For evaluating the obtained response set 140 alternatives by ACO, based on the other criteria the FTOPSIS method is used (refer to the 141 third mentioned deficiency).
142
The efficiency of the proposed framework is demonstrated by implementing in a real 143 building construction project. The computation results and discussions through a case study 144 show that using the proposed framework decision makers can evaluate more aspects of between risk events and uncertainty in the risk parameters, further data for decision making 147 can be achieved. 7 The remainder of this paper is organized as follows. Section 2 describes the research 149 methodology, including: the proposed framework and the fundamental concepts of ACO and
150
FTOPSIS. The parameters of the optimization-based model for selecting risk response actions 151 and minimizing the cost of implementation of them using ACO, is also given in this section.
152
In section 3, the proposed framework is utilized for selecting risk response actions through 153 surveying a real building construction project. The outcome results are also presented in this 154 section. Finally we conclude this paper in section 4. 
Research methodology

156
In this section, the fundamental concepts of the ACO and FTOPSIS as components of the 157 proposed framework are described. The flowchart diagram of different steps of the proposed 158 framework is depicted in Figure 1 . As shown in Figure 1 , the components of the WBS and the 159 top risk events which affect them are determined in the first step. The risk parameters 160 including probability and impact on time, cost and quality for each risk after and before 161 applying response actions are determined in the second step. In the third step, the interactions 162 between risk events and the effect of each risk on other risks are determined using the DSM 163 method. The constraints of the model including the maximum allocated budget for 164 implementing the response actions and also the list of proper response actions which can be 165 selected, and their costs are determined in the fourth step. Using the data obtained from the 166 previous steps, the ACO is applied in the fifth step. In the sixth step, the FTOPSIS method is 167 used to evaluate the response sets obtained by ACO based on the other criteria. Finally the 168 solution which is ranked higher in the evaluation process is reported as the best solution. 
Ant Colony Optimization (ACO)
170
ACO is one of the swarm intelligence algorithms, which is based on the behavior of ants 171 who cooperate through self-organization without any central control, to find an optimal path 8 between their colony and a source of food [21] pheromone density on a trail shows that more ants select this trail to find food. The 177 pheromone density becomes higher on shorter paths over time, because the duration of 178 travelling for shorter path is less than longer paths. Thus, when one ant finds a good path 179 from the colony to a food source, other trails with little pheromone will eventually be 180 abandoned and finally all the ants will converge to the same trail [23] . In ACO algorithms, an 181 individual ant constructs candidate solutions to a combinatorial optimization problem by 182 starting with an empty solution and then iteratively adding solution components until a 183 complete candidate solution is generated [22] . The ants make use of information that reflects 
208
 The next step is updating the pheromone, which is increasing the value of pheromone 209 in a good solution and decreasing it in a bad one. This step is done based on Eq. (2):
where  is a positive value for increasing the value of pheromone in a good solution. Step1: Inputs are expressed in the decision matrix format as: , , , ,
Where y ij is the rating of alternative A i with respect to criterion C j and W j is the importance 236 weight with respect to C j .
237
Step 2: Calculate the normalized fuzzy decision matrix, R:
For the benefit criteria, the normalized value r ij is calculated as:
Similarly the normalized value r ij for cost criteria is calculated as:
where l,m and u are the parameters of a triangular membership function.
241
Step 3: calculate the weighted normalized fuzzy decision matrix, V;
Considering the different weight of each criterion, the weighted normalized decision 
where j w is the fuzzy weight of j th criterion.
12
Step 
where
Step 5: Calculate the distances of each alternative to the FPIS and FNIS using:
denotes the distance measurement between two fuzzy numbers.
252
Step 6: Calculate the relative closeness to the ideal solution. The relative closeness of 253 alternative A i is calculated as:
where 0 ≤ CC i ≤ 1, that is, alternative i is closer to the fuzzy positive ideal reference point and 255 far from the fuzzy negative ideal reference point as CC i approaches 1 [29] .
256
Step 7: Rank the preference order. Choose an alternative with maximum CC i or rank 257 alternatives according to CC i in descending order.
258
It is worth mentioning that this approach has a wide applications in engineering and 259 management fields and has simple computation process and high flexibility [30] . forward information, while marks above the diagonal are feedback information [32] . In the 271 probability assessment, spontaneous probability can be interpreted as the likelihood of a risk 272 that is not the effect from other activated risks inside the system. On the other hand, transition 273 probability measures the likelihood of direct cause-effect relation between two risks [15] . 
where T is the risk transition probabilities matrix which is constructed using DSM, S is 277 spontaneous probabilities, I is an identify matrix and P is new values of the risk probabilities.
278
The impact of the risks on project's time, cost and quality prior to select any risk response 279 actions can be calculated as follows. In order to relate the risk response action selection to 280 work packages of the project the WBS is used. subjectively by managers' judgment using the Analytic Hierarchy Process (AHP) method.
307
The cost of performing risk response plan should meet the budget requirements. Therefore 308 a constraint as follows should be considered in OF.
where C j is the cost of the response strategy which is selected for j th risk event and B is the 310 maximum allocated budget by manager for performing risk response plan.
311
The budget constraint is investigated into the OF (fitness) of the optimization problem,
312
aiming at maximizing the value. So the OF is revised as follows.
313
Fitness f OF Violation 
where R.C is the total cost of response actions. Alpha is a variable more than "1000".
314
Violation is a penalty value and significantly increases if the response actions' costs exceed B 315 and thus significantly decreases the f value. Therefore, exceeding from the constraint is 316 penalized by the decrease of the fitness.
317
After generating the best response action sets by considering the numerical effects of the 318 response actions on project's cost, time and quality, the fuzzy TOPSIS method is used to 319 evaluate the obtained solutions by ACO based on the other criteria. The exposure of risks is assessed in term of qualitative scale for impact and probability. For 335 this purpose, the project manager is asked to define five membership functions for impact on 336 time, cost and quality according to definition shown in Table 1 . The direct method with one 337 expert [34] was used to elicit the ranges of each membership function. To determine the 338 probability of different risk events, the variations in the probability of risk events were 339 divided into 10 fuzzy intervals. To achieve more precise results and obtain smaller 340 probability span, this number of divisions were considered. More division depends on the 341 extent of risk events' uncertainty and experts' opinions. Then, the experts were asked to 342 choose the probability for risks events from one of the 10 given interval which are shown in 343 Figure 3 . The exposure of the identified risks before and after performing response actions is 344 shown in Table 2 and Table 3 The experts are allowed to adjust their answers in subsequent rounds. Since multiple rounds 18 of questions are asked and the panel is told what the group thinks as a whole, the Delphi 352 method seeks to reach the correct response through consensus [35] . 
Computational results
367
ACO results: the proposed ACO for risk response action selection is performed for the shown in Table 4 . The best fitness value for the minimum, most likely and maximum values 378 of risk parameters is equal to (0.5154, 0.5693, 0.6502) which is shown in Figure 4 . The 379 optimal total cost of implementing action plan is $225,000. results of the proposed fuzzy TOPSIS are shown in Table 4 and Table 5 respectively. The 413 deterministic weights of the attributes were obtained using the AHP method. The linguistic 414 variables from Figure. 3 (B) were also used to evaluate alternatives based on the pre-415 determined criteria in Table 4 . His research interests include project management, risk management, complex system modeling, and simulation.
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